1. Introduction {#s0005}
===============

Schizophrenia is typically characterized by a range of psychotic symptoms that stem from altered senses of self and reality. These symptoms include auditory verbal hallucinations (AVHs) and delusions. Brain mechanisms underlying these symptoms have been intensely studied using neuroimaging techniques. The neural correlate of AVH has a particularly long history of investigation. Because of its auditory and verbal nature, abnormalities in auditory and speech-related brain regions have long been thought to underlie AVH ([@bb0030], [@bb0090]). However, structural or functional alterations associated with AVH have often been found outside auditory and speech-related regions as well ([@bb0015], [@bb0080]). These findings support a more complicated view of AVH, specifically that fundamental abnormalities exist at the network level in multiple brain regions that subsume auditory and speech-related regions.

Functional imaging researchers have adopted multiple strategies to elucidate the complexities of AVH in schizophrenia. One strategy is to examine extrinsic brain activity while imposing cognitive or perceptual tasks to drive neural systems hypothesized to be relevant to the generation of AVH (e.g., auditory and speech systems). The auditory deviance response (ADR) refers to differential neural responses to an infrequent deviant (oddball) auditory stimulus presented within a train of repeated standard stimuli and is probably one of the best-studied functional indices of the auditory and speech abnormalities in schizophrenia ([@bb0115], [@bb0175], [@bb0180], [@bb0210]). Although the ADR may be largely regarded as a functional probe for sensory processing, its neural generators may not be localized to the auditory cortex, but rather involve large-scale functional connectivity (FC) networks, such as the saliency and central executive networks ([@bb0095]).

As a complement to extrinsically evoked activity, a growing number of studies have examined intrinsic activity during the resting state ([@bb0205]). Resting state activity comprises coordinated activity of multiple functional networks. One of these networks, the default-mode network (DMN), refers to a set of brain regions, including the medial prefrontal cortex (MPFC), cingulate cortex (CC), retrosplenial cortex (RSC), and lateral inferior parietal cortex (LIPC), whose activities rather increase during the resting state when compared to the state in which external tasks are imposed. Abnormalities in DMN have been associated with core symptoms of schizophrenia, including AVH ([@bb0045]). These findings have led to the proposal of a "resting-state hypothesis" of AVH, which proposes that abnormal spontaneous activity in multiple regions, including the DMN, is the putative neural mechanism underlying the experience of AVH ([@bb0185]).

Previous functional imaging studies have adopted one of the above two strategies and found abnormalities in specific brain regions and/or systems, some of which (e.g., those in the anterior CC) have also been found in multiple studies ([@bb0045], [@bb0100]). However, as task-evoked and resting-state functional magnetic resonance imaging (fMRI) studies have been conducted independently, the fundamental question of whether and how such multiple patterns of abnormalities are related to each other remains. Given the recent accumulation of findings using a single MRI methodology, the need for the integration of multiple datasets has become a pivotal issue in neuroimaging. Indeed, data-fusion analysis using multivariate statistical techniques has turned out to be effective in revealing latent patterns of brain features that are found in multiple datasets collected from the same individual ([@bb0075], [@bb0225]). For instance, a recent study adopted the partial least square (PLS) method to integrate diffusion-weighted images and resting-state fMRI data collected from the same individuals and revealed latent patterns of structural and functional connectivity co-occurring in typically developed adults ([@bb0155]). This methodology may thus be highly suitable for extracting linked latent patterns of connectivity that are present across multiple datasets.

In this study, we adopted a data-fusion method of PLS and aimed to find links between latent patterns of abnormal FC during intrinsic and extrinsic activity underlying schizophrenia and its psychotic symptoms, including AVH. Hence, we collected fMRI FC data during the resting state (REST) and the ADR from the same patients with chronic schizophrenia (SCZ) and from matched healthy controls (HC). We used PLS to uncover latent FC features in the pairs of fMRI data collected during REST and ADR. Based on previous studies using single fMRI paradigms, we expected that our analysis might reveal an association between the DMN during REST and auditory and attention-related networks during the ADR paradigm. When such an association was indeed identified, we also expected that the loadings of the identified FC components would be significantly different between SCZ and HC. Furthermore, individual loadings of such components might be correlated with the severities of psychotic symptoms, including AVH.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

Twenty-five patients with SCZ and 25 age- and sex-matched HCs participated in this study. The patients were recruited at Karasuyama Hospital at the Showa University School of Medicine in Tokyo, Japan. Diagnoses were made by 2 experienced psychiatrists, based on the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition. Patients were excluded if they had other major psychiatric or neurological disease, severe somatic disorders, alcohol intake within 24 h of the examination, or current or past alcohol abuse. Psychiatric symptoms were assessed using the Positive and Negative Syndrome Scale (PANSS), and the severities of the auditory hallucinations were rated using the Auditory Hallucination Rating Scale (AHRS) ([@bb0060]). None of the HCs reported any severe medical problems or neurological or psychiatric histories, and none satisfied the diagnostic criteria for any psychiatric disorder. Written informed consent was obtained from all participants. Handedness of each participant was assessed using the Edinburgh Handedness Inventory ([@bb0190]). The patient\'s premorbid intelligence was estimated using the Japanese version of the National Adult Reading Test ([@bb0130]). Demographic data for the SCZ and HC groups are shown in [Table 1](#t0005){ref-type="table"}. This study was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the Ethics Committee of the Faculty of Medicine of Showa University. The patients\' primary physicians determined the patients\' ability to provide informed consent before recruitment.Table 1The demographic and clinical data of the participants.Table 1HCSCZNumber (male/female)25 (15/10)25 (15/10)Age (years)34.6 ± 8.2 \[24--50\]34.4 ± 8.5 \[21--53\]Estimated IQ106.1 ± 10.6 \[83--119\]99.5 ± 9.5 \[83--119\]HandednessR = 24, L = 1R = 24, L = 1Length of illness (years)(−)9.8 ± 7.2 \[1 − 23\]Chlorpromazine equivalents (mg/day)(−)758.0 ± 515.9 \[0 − 2000\]PANSS(P) score(−)14.4 ± 5.7 \[6--27\]PANSS(N) score(−)16.3 ± 5.2 \[6--24\]PANSS(G) score(−)29.7 ± 7.6 \[17--43\]PANSS(T) score(−)60.4 ± 16.5 \[32--90\]AHRS score(−)14.6 ± 12.4 \[2--35\][^1][^2]

2.2. Data acquisition {#s0020}
---------------------

All MRI data were acquired using a 1.5-T GE Signa system (General Electric; Milwaukee, WI, USA) with a phased-array whole-head coil. Every participant underwent the two functional imaging runs for the REST and ADR paradigms in a single fMRI session. The functional images were acquired using a gradient echo-planar imaging sequence. Except for parameters of slice thickness and the number of volumes, the following parameters were the same between the two fMRI runs: in-plane resolution = 3.4375 × 3.4375 mm^2^, echo time (TE) = 40 ms, repetition time (TR) = 2000 ms, flip angle = 90°, matrix size: 64 × 64, and 27 axial slices. Slice thickness was 4 mm with a 1-mm slice gap for REST and 4 mm without a gap for ADR. In each fMRI run, the first four volumes were discarded to allow for equilibration effects. At the end of the MRI session, a high-resolution T1-weighted spoiled gradient recalled three-dimensional MRI image was acquired (in-plane resolution: 0.9375 × 0.9375 mm^2^, 1.4 mm slice thickness, TR: 25 ms, TE: 9.2 ms, matrix size: 256 × 256, 128 sagittal slices).

2.3. Task {#s0025}
---------

For the REST run, the participants were instructed to lie in the supine position in the scanner, to remain as still as possible, and to keep their eyes closed, but stay awake in the dim scanner room. In total, 204 volumes were acquired over 6 min 48 s.

For the ADR run, we adopted an auditory oddball paradigm originally used in a previous study wherein the neural sources of ADR were identified ([@bb0165]). In this paradigm, sequences consisting of two types of tones were presented: Tone 1 (TN1) was a 400-Hz tone and Tone 2 (TN2) was a 500-Hz tone. Both tones had durations of 100 ms. Each run consisted of alternating "standard" blocks (24 s per block) and "deviant" blocks (24 s per block), with intervening rest blocks (24 s per block). The standard blocks consisted of two tones alternating in a regular fashion (i.e., TN1, TN2, TN1, TN2, TN1, TN2 ...). In the deviant blocks, the two tones were presented in a pseudo-random order (e.g., TN1, TN2, TN2, TN1, TN1, TN1, TN2 ...). The tones were presented with an inter-stimulus interval of 400 ms. The single run consisted of 6 standard blocks and 6 deviant blocks, with rest blocks without auditory stimulation interposed in between. The number of volumes was 291 (9 min 42 s).

During the run, a gray checkerboard (a visual distractor) appeared on the screen at irregular intervals. The participants were instructed to pay attention to the screen and to press a button whenever the checkerboard appeared on the screen. They were also instructed that their task was to respond to the checkerboard and that the auditory tones were irrelevant to the task. The frequency of the appearance of the checkerboard was balanced over the "standard," "deviant," and rest blocks. The participants wore MRI-compatible headsets (Serene Sound; Resonance Technology; Northridge, CA, USA). During the ADR run, participant responses (response time and accuracy) were collected via a fiber-optic response pad connected to a PC interface (Current Designs; Philadelphia, PA, USA). Stimulus presentation and response collection were controlled using Neurobehavioral Systems Presentation software (Neurobehavioral Systems; Albany, CA, USA).

2.4. fMRI Data analyses {#s0030}
-----------------------

### 2.4.1. Preprocessing {#s0035}

For each of the REST and ADR runs, we first applied a series of preprocessing steps and then performed seed-based FC analyses for each subject before the PLS data-fusion step. The same preprocessing steps were used for the REST and ADR paradigms as follows: \[1\] slice-timing correction, \[2\] head motion correction, \[3\] normalization and resampling to a resolution of 2 × 2 × 2 mm^3^, and \[4\] spatial smoothing using a Gaussian kernel (6-mm full width at half-maximum). All of these preprocessing steps were performed using Statistical Parametric Mapping software (SPM8; Wellcome Department of Cognitive Neurology; London, UK). We also generated a task-specific brain mask by including voxels that were present in all of the participants and survived at a 25% gray matter (GM) probability mask used to restrict the FC analyses within the GM volume.

To remove artefactual components from the time-series in each voxel during the REST run, we performed multiple linear regression analyses using the following confound regressors: \[1\] six head motion parameters and their temporal derivatives, \[2\] a mean signal from white matter voxels, and \[3\] a mean signal from cerebrospinal fluid voxels. We did not remove the global signal in order to avoid the risk of yielding spurious negative correlations ([@bb0170]). A band-pass filter (0.01--0.1 Hz) was applied to reduce the effects of low-frequency drift and physiological noise. Furthermore, to reduce spurious changes in FC due to head motion ([@bb0195]), we used a scrubbing method adopted from a previous study ([@bb0200]). Specifically, we calculated a frame-wise displacement (FD) at each time point using the six motion parameters. We then flagged volumes with FDs larger than 0.5 mm and removed these volumes along with the previous and subsequent two volumes from the correlation analysis. There were no significant differences between the two groups either in the mean FD (HCs: 0.11 ± 0.03 mm; patients with SCZ: 0.11 ± 0.04 mm; *t* = − 0.41, *p* = 0.68) or the number of frames with FDs larger than 0.5 mm (HCs: 1.8 ± 0.70; patient with SCZ: 3.04 ± 0.70; *t* = 1.25, *p* = 0.22). For the ADR run, we also confirmed that there were no significant differences between the two groups either in the mean FD (HCs: 0.097 ± 0.007 mm; patients with SCZ: 0.120 ± 0.011 mm; *t* = 1.75, *p* = 0.09) or in the number of frames with FDs larger than 0.5 mm (HCs: 2.96 ± 1.11; patients with SCZ: 4.28 ± 1.11; *t* = 0.84, *p* = 0.40).

### 2.4.2. Generation of FC maps for the REST and ADR runs {#s0040}

The first step in the preparation for PLS analyses was to generate pairs of fMRI FC maps for REST and ADR between which critical latent patterns of FC features are expected. Hence, we determined a common seed-region for REST and ADR and generated a pair of seed-based FC maps for each subject (25 patients with SCZ and 25 matched HCs). Based on numerous previous studies showing that auditory and speech-related areas underlie various schizophrenia symptoms, particularly AVH ([@bb0030], [@bb0090]), we focused on the left lateral temporal cortex as the primary candidate for the common seed for REST and ADR. Based on a previous meta-analysis that revealed a significant association between AVH and abnormal activation ([@bb0110]), we determined a 6-mm sphere centered at the Montreal Neurological Institute coordinate \[-56 -30 -2\] in the left middle temporal gyrus (MTG) as the seed. Because this location was near the superior temporal sulcus (STS), we named the seed location the left MTG/STS. An FC map of the REST run in each subject was generated by assessing correlations between the time-series data at the seed location and data from each voxel in the GM volume. Finally, an FC map was generated for each participant by computing Pearson\'s correlation coefficients between time courses extracted from the seed location and those of all other voxels. The seed time-course was extracted from an area within a 6-mm radius of the aforementioned coordinate. The correlation coefficients were converted to *z*-scores using Fisher\'s *r*-to-*z* transform. The resulting *z*-maps were fed into the PLS.

In the calculation of FC maps for ADR, the effects of the auditory oddball (i.e., ADR) on FCs were estimated using Psychophysiological Interaction (PPI) analysis ([@bb0035], [@bb0135]) in SPM8. The PPI analysis consisted of a first regressor representing the seed fMRI time-series data extracted from the seed location that was deconvolved with a hemodynamic response function ([@bb0050]), a second regressor representing the psychological variable of Deviant - Standard blocks, and a third regressor representing the interaction between these two factors. The seed fMRI time-series was extracted from a sphere with a 6-mm radius centered at the seed coordinate. The six parameters for head motion were also used as nuisance regressors. We generated a contrast map for the third regressor for each individual. This map was then fed into the PLS analyses.

### 2.4.3. Group comparisons of REST and ADR FC maps {#s0045}

In a separate analysis from the PLS, we performed two-sample *t*-tests to compare *z*-maps during the REST run between HCs and patients with SCZ. The statistical threshold was set to *p* \< 0.001 at the voxel level and the spatial extent threshold was set to *k* \> 250 voxels, as determined using 3dFWHMx and 3dClustSim to achieve a corrected *p* \< 0.05 at the cluster level. For the ADR run, we performed group comparisons using the contrast maps for the regressor for the psychophysiological interaction. The voxel-level threshold of *p* \< 0.001 and the spatial extent threshold of *k* \> 86 were used to achieve a cluster-level corrected *p* \< 0.05, as determined using 3dFWHMx and 3dClustSim.

### 2.4.4. Data fusion: PLS {#s0050}

PLS correlation (PLS-C) is a multivariate statistical technique used to investigate statistical associations between two sets of variables by identifying latent components in one variable set (i.e., REST) that maximally co-vary with those in another set (i.e., ADR) across participants. The procedure is illustrated in [Fig. 1](#f0005){ref-type="fig"}. A pair of FC maps, REST and ADR, generated by seeding the left MTG/STS in each individual were separately flattened into two rows, which were then fed into row vectors in X and Y data matrices, respectively. Therefore, the X and Y matrices had 50 rows and their number of columns corresponded to the number of voxels in the FC maps of REST and ADR. A standard approach for solving the PLS-C problem is to apply singular value decomposition (SVD) to the covariance matrix X^T^Y, which represents the covariance of all of the pairs of a voxel in one condition (i.e., REST) and those in another condition (i.e., ADR) across participants ([@bb0155]). Briefly, SVD generates a set of mutually orthogonal composite components by decomposing X^T^Y into UΔV^T^, wherein U and V are matrices of left and right singular vectors and Δ is a diagonal matrix with singular values along the diagonal. Here, the *i*th composite component consists of the *i*th column vectors of matrices U and V and the *i*th singular value in matrix Δ. The number of composite components was 46, which was equal to the full rank of the covariance matrix X^T^Y. The *i*th column vectors of U and V represent voxel values in FC maps of the REST and ADR runs.Fig. 1An illustration of Partial Least Square Correlation analysis. For each subject, a pair of functional connectivity (FC) maps (resting state \[REST\] and auditory deviance response \[ADR\]) were generated using the common seed region in the left middle temporal gyrus (MTG)/superior temporal sulcus (STS). Each pair of FC maps was separately flattened into rows, resulting in two matrices for REST and ADR. The individual pair of FC maps and the rows are color-coded in the figure. After generating the separate FC matrices for REST and ADR, the REST-ADR covariance matrix was computed using the two matrices. The covariance matrix was then subjected to singular value decomposition (SVD). The SVD generated a pair of matrices, each column of which represented an orthogonal vector of voxel values in an FC map (for either REST or ADR). Each REST-ADR pair was associated with a singular value (λ), which represented the ratio of covariance explained by that pair. Each triplet of the left and right singular vectors and its singular value is shown in a different color.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

More specifically, before being fed into SVD, the effects of age, handedness, and sex from each column in the X and Y matrices were regressed out, as these factors might impact the results of PLS ([@bb0230]). The X and Y data matrices were then standardized to each column. The application of SVD to the covariance matrix (i.e., X^T^Y) is computationally expensive because of the high dimensionality of the matrix (i.e., the number of voxels in REST and ADR). In this study, we used an alternative computationally efficient method proposed in a previous study ([@bb0025]). Briefly, during the decomposition of X^T^Y into UΔV^T^, X^T^YY^T^X may be represented as UΔ^2^U^T^ and is related to eigenvalue decomposition. In addition, YY^T^, which is in the middle of X^T^YY^T^X, is an *N* x *N* positive semi-definite matrix. Based on the properties of positive semi-definite matrices, YY^T^ may be replaced by Z^T^Z, where Z is a square matrix that satisfies YY^T^ = Z^T^Z. X^T^YY^T^X can then be rewritten as (ZX)^T^(ZX). Based on the fact that eig (A^T^A) is equivalent to eig (AA^T^), we can calculate matrices U, V, and Δ using a substantially reduced number of dimensions (i.e., 46 × 46).

When the SVD is applied, the *i*th column vectors of U and V represent voxel values in FC maps of the REST and ADR runs such that the two maps maximally co-vary with each other across participants. Therefore, the column vectors of U and V may be interpreted as optimal combinations of FC patterns during the two conditions. Each combination of the two FC patterns is associated with a scalar singular value represented in the diagonal of matrix Δ, which reflects the covariance between the two original FC maps and is explained by the composite component. See Appendix B for further details of PLS-C.

To assess the statistical significance of each of the composite components, we performed permutation tests for the top 10 composite components, which accounted for 42.6% of the total covariance. In each cycle of permutation, we randomly reordered the rows of data matrix X, such that the original link between X and Y was destroyed. The permutation was repeated 10,000 times to obtain a null distribution of singular values at each component. Measured values falling outside the 95% probability of the null distribution were regarded as significant components (*p* \< 0.05). For statistically significant components, we used a two-sample *t*-test to determine whether there were significant group differences between HCs and patients with SCZ in individual component loadings.

In the composite component maps, contribution and reliability (statistical significance) of FC strength at each voxel was estimated by bootstrap resampling for cross-validation of the derived pattern of FC. Bootstrapping was performed by randomly resampling 50 participants with replacement (rows of data matrices X and Y). The resampled data were subjected to SVD to generate sampling distributions for each voxel in the singular vectors. The bootstrap distribution was used to estimate the standard error for each voxel. Finally, bootstrap ratios were calculated for each voxel in U and V by dividing the voxel values from the singular vector by their bootstrap-estimated standard error. We used a statistical threshold of *p* \< 0.05 for both positive and negative values (\|* z* \| \> 2.0).

In order to further examine whether and how the identified composite components are influenced by a particular model within the PLS framework, we also performed PLS Regression (PLS-R), which is another PLS model with the assumption that the FC patterns during one condition contain components that are predictive of the FC patterns during another condition. In contrast to PLS-C, where X and Y are interchangeable, PLS-R aims to build a model that predicts Y (ADR) from X (REST) while avoiding the multicollinearity of variables. Here, X and Y are modeled to be decomposed into TP^T^ and UQ^T^, respectively, where P and Q are composite FC maps for X and Y, respectively, and T and U are matrices of latent variables for X and Y, respectively. This is because we assume that U can be predicted by T, U = TB, where B is the diagonal matrix. Formally, this yields the prediction model as follows: Y = TBQ^T^ = XW~PLS~, with W~PLS~ = P^T +^ BQ^T^, where P^T +^ is the Moore-Penrose pseudo-inverse ([@bb0005]) of P^T^. We estimated the parameters T, B, U, Q, and W~PLS~ using non-linear iterative partial least squares (NIPALS), as proposed by [@bb0245] ([@bb0245]). See Appendix B for further details of PLS-R.

The number of latent components is determined based on Krzanowski\'s W criterion with leave-one-out cross-validation (LOOCV) ([@bb0105]). Krzanowski\'s W is calculated as follows:$$W_{k} = \left( {\mathit{PRESS}_{k - 1} - \mathit{PRESS}_{k}} \right) \div \left( \frac{\mathit{PRESS}_{k}}{N - 1 - k} \right),$$where$$\mathit{PRESS}_{k} = \frac{1}{N}\sum\limits_{i = 1}^{N}\left( {y_{i} - {{\overset{\sim}{y}}_{i}}^{k}} \right)^{2}.$$

The Predicted Estimated Sum of Squares was used as the measure of the quality of the prediction. In the equation above, $\overset{\sim}{y}$ is the predicted value of *y* from *N*-1 samples and *N* is the number of participants. *k* was the optimal number of latent components when W~*k*~ had a maximum value within the set of W~*k*~ values \> 1. The optimal number of composite components was 4, as determined using Krzanowski\'s W with LOOCV.

As in PLS-C, bootstrapping was used to estimate the contribution and reliability (statistical significance) of FC strength at each voxel of the identified component maps. Bootstrapping was performed by randomly resampling 50 participants with replacement. The resampled data were subjected to NIPALS to generate a sampling distribution for each voxel in the composite components. The bootstrap distribution was used to estimate the standard error for each voxel. Finally, the bootstrap ratio was calculated for each voxel in P and Q by dividing the voxel values from the singular vector by their bootstrap-estimated standard error. We used a statistical threshold of *p* \< 0.05 for both positive and negative values (\|* z* \| \> 2.0).

2.5. Post-hoc correlation analyses using clinical scores {#s0055}
--------------------------------------------------------

The PLS-C and PLS-R analyses identified composite component maps with significant group differences for REST and ADR. In order to identify brain regions in the composite component maps whose altered FCs are specifically associated with the severities of clinical symptoms, we performed post-hoc voxel-wise correlation analyses using the individual FC maps (seed: left MTG/STS) and clinical scores on either PANSS(P) or AHRS. Correlation analyses were performed separately for REST and ADR. In order to restrict the analyses into voxels identified by the PLS analyses, we generated a binary inclusive mask for both REST and ADR. For the inclusive mask for REST, we generated a binary map for supra-threshold voxels of the REST component map identified using PLS-C, and a binary map for the REST component map identified using PLS-R. We then generated a binary image by combining the two binary maps. The voxel-level threshold was set to *p* \< 0.001. In order to achieve a cluster-level corrected *p* \< 0.05, we determined the spatial extent threshold using 3dFWHMx and 3dClustSim. The spatial extent thresholds were determined to be 78 and 69 for correlation with PANSS(P) and AHRS, respectively. The same procedures were used for ADR. Using 3dFWHMx and 3dClustSim, we found spatial extent thresholds of 51 and 47 for correlation with PANSS(P) and AHRS, respectively.

3. Results {#s0060}
==========

3.1. Group comparisons of FC during REST and ADR {#s0065}
------------------------------------------------

For pairs of the left MTG/STS-seeded FC maps obtained during the REST and ADR runs, we first performed group comparisons separately for the two runs (see Appendix A Supplementary Fig. 1 and Supplementary Table 1). During the REST run, we observed clusters with significant FC reductions in patients with SCZ in multiple brain regions, including the left Heschl\'s gyrus, the bilateral parahippocampal gyri, and the fusiform gyrus. Clusters with significantly increased FC were identified in the bilateral thalamus in patients with SCZ. During the ADR run, no voxel clusters survived the statistical threshold in either direction.

3.2. Data fusion: PLS correlation {#s0070}
---------------------------------

Within the set of composite components generated by the PLS-C, a series of permutation tests revealed that covariance of the 3rd composite component was significantly larger than that of the null model (*p* = 0.0398). For this composite component, loadings of the REST component and those of the ADR component were significantly higher in HCs than in patients with SCZ (REST: *t* = 3.772, *p* = 0.004; ADR: *t =* 2.356, *p* = 0.0226) ([Fig. 2](#f0010){ref-type="fig"}A and B).Fig. 2The composite component with significant group differences in loadings identified using Partial Least Square Correlation. (A and B) Group comparisons of component loadings for the resting state (REST) (A) and the auditory deviance response (ADR) (B). Asterisks denote statistically significant differences (*P* \< 0.05). (C and D) Visualization of the composite components of REST (C) and ADR (D). Functional connectivity (FC) maps were superimposed on horizontal slices from z = 0 to 32 mm with 8-mm steps using the xjview toolbox (<http://www.alivelearn.net/xjview>). Here, the threshold was lowered to \|* z* \| \> 1.5 for display purposes, although regions indicated by the white arrows represent voxel clusters surviving a threshold of \|* z* \| \> 2.0 (see [Table 2](#t0010){ref-type="table"}). Voxels in red and blue represent positive and negative *z*-values, respectively. Because the loadings of these components were significantly higher in healthy controls (HCs) than in patients with schizophrenia (SCZ), voxels in red and blue are interpreted as those representing FC values of HC \> SCZ and SCZ \> HC, respectively. (E and F) Correlations between the loadings of the REST components and clinical scores for positive symptoms as assessed using the Positive and Negative Symptoms Scale Positive Symptoms subscale (E) and auditory verbal hallucination as assessed using the Auditory Hallucination Rating Scale (F).(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

[Fig. 2](#f0010){ref-type="fig"}C and D show the FC maps for the 3rd composite component during REST and ADR, respectively. Because loadings of the component maps were higher in the HCs than in patients with SCZ, positive *z*-values in the maps represented reduced FCs in the SCZ group when compared to the HC group and vice versa. During REST, patients with SCZ had significant FC reductions in multiple regions, particularly in those of the DMN, such as the bilateral RSC and the right LIPC. Significant FC enhancements were observed in regions related to attention and/or executive function, such as the left intraparietal cortex, the putamen, and the cerebellum in patients with SCZ ([Table 2](#t0010){ref-type="table"}). To obtain a more quantitative functional classification of these regions showing either an SCZ \< HC or an HC \< SCZ pattern, we calculated the spatial overlap between these regions and major functional networks specified in a standard atlas ([@bb0215]). This analysis allowed a more detailed functional classification, which was largely consistent with our visual inspection. For HC \> SCZ patterns, the ventral DMN had the largest overlap, and was followed by the primary visual cortex and the dorsal DMN ([Fig. 3](#f0015){ref-type="fig"}, red bars). For SCZ \> HC patterns, the anterior and posterior salience networks had the largest overlaps, and were followed by the right executive control network ([Fig. 3](#f0015){ref-type="fig"}, blue bars).Fig. 3Functional classification of voxels in the resting state (REST) and auditory deviance response (ADR) component maps identified using Partial Least Square Correlation. For each of the 14 major functional networks defined by Shirer and colleagues ([@bb0215]), we examined spatial overlaps of voxels with positive or negative z-values in the REST and ADR component maps. Here, the overlap was calculated as the ratio of X to A + B, where A is the number of supra-threshold voxels in the map, B is the number of voxels in the functional network of interest, and X is the number of overlapping voxels in A and B. Because the number of supra-threshold voxels was not comparable to the spatial extent of each functional network when \|* z* \| \> 2.0 was applied, we calculated an integral over the range encompassing thresholds of 1.5 to 2.0 for *z* using steps of 0.1. In voxels with positive *z*-values in REST (red bars), there is considerable overlap with the ventral default mode network (DMN), followed by the primary visual network and the dorsal DMN. In voxels with positive values in ADR (orange bars), the auditory and anterior saliency networks had the largest spatial overlaps. AUD: auditory, SM: sensorimotor, BG: basal ganglia, LNG: language, A and P SAL: anterior and posterior saliency, V and D DMN: ventral and dorsal default-mode network, ECN: executive control network, PCN: precuneus, P and H VIS: primary and high-order visual, VS: visuospatial.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3Table 2Significant composite component maps in PLS-C.Table 2MNI CoordinatesAnatomy*xyz*Cluster sizePeak *z*-valueREST Component mapPositive *z*-values (HC \> SCZ)R. Anterior temporal pole64− 4− 18152.089R. Superior temporal sulcus70− 18− 2112.069L. Retrosplenial cortex− 16− 568782.091R. Retrosplenial cortex14− 5812892.116R. Inferior parietal cortex46− 7830872.127  Negative *z*-values (SCZ \< HC)R. Cerebellum, Lobule VI28− 66− 2628− 2.145L. Cerebellum, Crus I− 48− 66− 2610− 2.084L. Putamen− 28− 81026− 2.086L. Intraparietal cortex− 60− 443611− 2.021  ADR Component MapPositive *z*-values (HC \> SCZ)R. Inferior Frontal Cortex561201102.168L. Planum temporale− 52− 3014372.127L. Dorsal anterior cingulate cortex− 81232332.175R. Middle cingulate cortex6− 438162.136R. Posterior cingulate cortex4− 2844102.132  Negative *z*-values (SCZ \< HC)R. Cerebellum vermis lobule VI/V4− 56040− 2.161L. Retrosplenial/posterior cingulate cortex− 16− 563062− 2.188L. Inferior parietal cortex− 38− 763491− 2.118[^3][^4]

In the ADR component map, we observed significant reductions of FC in patients with SCZ in regions mainly involved in auditory and attention processes, such as the left planum temporale, the dorsal anterior CC, and the right inferior frontal cortex. Clusters of voxels with significantly larger FC values were identified in regions of the DMN, including the left LIPC and the RSC in patients with SCZ ([Fig. 2](#f0010){ref-type="fig"}D, [Table 2](#t0010){ref-type="table"}). For the HC \> SCZ pattern, the auditory and anterior saliency networks had the largest overlaps ([Fig. 3](#f0015){ref-type="fig"}, orange bars). For the SCZ \> HC pattern, the ventral DMN had the largest overlap, and was followed by the dorsal DMN ([Fig. 3](#f0015){ref-type="fig"}, green bars).

We examined the correlations of the identified patterns of altered FC with psychotic symptoms of SCZ. For this purpose, we correlated the subjects\' scores on the PANSS(P) and AHRS with loadings of either REST or ADR components in patients with SCZ. The REST component had significant negative correlations with both PANSS(P) (*r* = − 0.611, *p* = 0.001) and AHRS (*r* = − 0.508, *p* = 0.009) scores ([Fig. 2](#f0010){ref-type="fig"}E and F). The ADR component had a significant negative correlation with PANSS(P) (*r* = − 0.406, *p* = 0.044), but not with AHRS (*r* = − 0.326, *p* = 0.112).

3.3. Data fusion: PLS regression {#s0075}
--------------------------------

Given previous findings that activity during the resting-state is predictive of perceptual and cognitive activity ([@bb0235]), it may be equally reasonable to build a model such that some FC components during REST are predictive of those during ADR. In order to confirm whether the results obtained in PLS-C are resistant to such a model difference, we also performed PLS-R. PLS-R aims to build a model that predicts a variable Y (ADR) from X (REST).

The PLS-R results were compared with those of PLS-C. Of the 4 composite components determined using the cross-validation method (see [Materials and Methods](#s0010){ref-type="sec"}), significant group differences in loadings in individual participants were found in the 3rd composite component, such that HCs had larger loadings than patients with SCZ during both the REST (*t* = 3.233, *p* = 0.0022) and ADR components (*t* = 3.220, *p* = 0.0023) ([Fig. 4](#f0020){ref-type="fig"}A and B). Similar to the patterns identified by the PLS-C, significant reductions of FC in patients with SCZ were mainly identified in DMN regions, including the RSC/posterior CC and the ventral MPFC in the REST component ([Fig. 4](#f0020){ref-type="fig"}C and D, [Table 3](#t0015){ref-type="table"}). In the REST component map, voxels with significantly larger FC values in patients with SCZ were identified in the right cerebellum. No significant voxels were identified in the ADR component map when the threshold of \|* z* \| \> 2.0 was applied.Fig. 4The composite components identified using Partial Least Square Regression analysis with significant group differences in loading. The organization of the figure is directly comparable to that of [Fig. 2](#f0010){ref-type="fig"}. (A and B) Group comparisons of component loadings for REST (A) and ADR (B). Asterisks denote statistically significant differences (*p* \< 0.05). (C and D) Visualization of the composite components of REST (C) and ADR (D). FC maps were superimposed on horizontal slices from z = 0 to 32 mm with 8-mm steps using the xjview toolbox (<http://www.alivelearn.net/xjview>). The threshold was lowered to \|* z* \| \> 1.5 for display purposes, but regions indicated by the white arrows represent voxel clusters surviving a threshold of \|* z* \| \> 2.0 (see [Table 3](#t0015){ref-type="table"}). Voxels in red and blue represent positive and negative *z*-values, respectively. (E and F) Correlations between the loadings of the REST component and clinical scores for positive symptoms as assessed using the Positive and Negative Symptoms Scale Positive Symptoms subscale (E) and auditory verbal hallucination as assessed using the Auditory Hallucination Rating Scale (F).(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4Table 3Significant composite component maps in PLS-R.Table 3MNI CoordinatesAnatomy*xyz*Cluster sizePeak *z*-valueREST Component mapPositive z-values (HC \> SCZ)L. Anterior superior temporal sulcus− 58− 12− 1019− 2.082L. Ventral medial prefrontal cortex− 454− 10109− 2.096L. Ventral medial prefrontal cortex− 412− 1811− 2.078R. Retrosplenial/posterior cingulate cortex12− 642219− 2.028  Negative *z*-values (HC \< SCZ)R. Cerebellum (hemisphere) Crus I32− 66− 26692.145R. Cerebellum (vermis) Lobule V/VI8− 60− 16192.13[^5][^6]

To functionally characterize regions with altered FC, we calculated the ratio of the spatial overlap of the component maps with major functional networks using the same method as that used in the PLS-C. For the HC \> SCZ voxel pattern in the REST map, the ventral and dorsal DMN had the largest overlaps, and were followed by the primary visual network ([Fig. 5](#f0025){ref-type="fig"}, red bars). For the SCZ \> HC pattern, we observed the largest overlap within the right executive control, anterior saliency, and sensorimotor networks ([Fig. 5](#f0025){ref-type="fig"}, blue bars). For the HC \> SCZ pattern in the ADR component, the largest voxel overlaps were found within the anterior saliency and auditory networks ([Fig. 5](#f0025){ref-type="fig"}, orange bars). We did not observe clear overlaps between voxels with the SCZ \> HC pattern and any of the functional networks. Correlation analysis using the clinical scores revealed a significant correlation between the loadings of the REST component and PANSS(P) scores (*r* = − 0.624, *p* = 0.0009) ([Fig. 4](#f0020){ref-type="fig"}E). There was also a marginally significant correlation with the AHRS (*r* = − 0.367, *p* = 0.0714) ([Fig. 4](#f0020){ref-type="fig"}F). Loadings of the ADR component had nearly significant negative correlations with PANSS(P) scores (*r* = − 0.344, *p* = 0.0922). No significant correlation was found with AHRS (*r* = − 0.0465, *p* = 0.8253).Fig. 5Functional classification of voxels in the resting state (REST) and auditory deviance response (ADR) component maps identified using Partial Least Square Regression. For each of the 14 major functional networks defined by Shirer and colleagues ([@bb0215]), we examined the spatial overlap of voxels with positive or negative *z*-values in the REST and ADR component maps. Here, the overlap was calculated as the ratio of X to A + B, where A is the number of supra-threshold voxels in the map, B is the number of voxels in the functional network of interest, and X is the number of overlapping voxels between A and B. Because the number of supra-threshold voxels was not comparable to the spatial extent of each functional network when \|* z* \| \> 2.0 was applied, we calculated an integral over the range encompassing threshold values of for *z* 1.5 to 2.0 with a step size of 0.1. In voxels with positive *z*-values during REST (red bars), there were significant overlaps with the dorsal and ventral default mode networks (DMNs), followed by the primary visual network. In voxels with positive values during ADR (orange bars), the auditory and anterior saliency networks had large spatial overlaps. AUD: auditory, SM: sensorimotor, BG: basal ganglia, LNG: language, A and P SAL: anterior and posterior saliency, V and D DMN: ventral and dorsal default-mode network, ECN: executive control network, PCN: precuneus, P and H VIS: primary and high-order visual, VS: visuospatial.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 5

3.4. Post-hoc correlation analyses using the clinical scores {#s0080}
------------------------------------------------------------

Within the set of brain regions in the FC networks identified using PLS-C and PLS-R, it is possible that specific regions show abnormal FCs associated with the severities of clinical symptoms. In order to identify such regions, we performed post-hoc correlation analyses between the individual FC maps (seed: left MTG/STS) and the two clinical scores of PANSS(P) and AHRS within voxels identified using either PLS-C or PLS-R. Correlation analyses were performed separately for the FC maps of REST and ADR. For the FC maps of REST, we observed significant clusters of correlation with PANSS(P) score in the bilateral anterior insula (left: *x* = − 38, *y* = 14, *z* = 12, *t* = 5.95, *k* = 83 voxels; right: *x* = 36, *y* = 4, *z* = 2, *t* = 5.68, *k* = 119 voxels) ([Fig. 6](#f0030){ref-type="fig"}). The direction of the correlation was positive. This was consistent with the results of the PLS analyses indicating increased FC in these regions in individuals with severer symptoms ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). A marginally significant positive correlation with the AHRS score was identified in the left putamen (*x* = − 24, *y* = − 6, *z* = 6, *t* = 5.40, *k* = 67 voxels), but it failed to reach the spatial extent threshold of 69 voxels. No significant clusters were identified for the FC maps during ADR with either PANSS(P) or AHRS scores.Fig. 6Regions whose functional connectivity (FC) with the left medial temporal gyrus/superior temporal sulcus during the resting state was significantly correlated with individual Positive and Negative Symptom Scale (P) scores within the FC networks identified using either partial least squares (PLS) correlation or PLS regression. (A) Sagittal, axial, and coronal sections showing significant clusters in the bilateral anterior insula. Correlation analysis was performed within voxels showing \|* z* \| \> 1.5 in PLS-C and PLS-R analyses (color-coded voxels in [Fig. 2](#f0010){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). Significant clusters were identified in the bilateral anterior insula. (B) Correlation plots between FC values in the bilateral insula and PANSS-P. FC values were extracted from the peak voxels in the left and right anterior insula. FC values were positively correlated with the severity of clinical symptoms as assessed using PANSS-P.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 6

4. Discussion {#s0085}
=============

In the present fMRI study, we adopted a data-fusion approach using FC data collected during intrinsic and extrinsic activity to reveal latent abnormal FC patterns during two modes of brain activity in patients with schizophrenia. Although a number of fMRI studies have reported abnormal brain FC or activity during either REST or ADR ([@bb0040], [@bb0070], [@bb0205], [@bb0240]), unsurprisingly, the identified patterns of abnormalities varied depending on the experimental paradigms used. Thus, the relationships among the multiple patterns of abnormal FC were unclear. As far as we know, the present study is the first study wherein data-fusion analysis is applied to two FC datasets collected from an identical set of participants. Here we successfully revealed the presence of linked latent abnormal FC patterns during REST and ADR. A previous study had adopted a similar strategy of collecting FC data during the resting state and an auditory oddball discrimination task from the same individuals. However, in that study, network abnormalities were estimated using separate comparisons of functional measures at the group level for the two conditions ([@bb0250]). When using a data-fusion approach, it is crucial to incorporate information regarding the associations of FC patterns during the different conditions at the individual participant level. Our approach thus represents a significant advancement in uncovering latent co-occurrences of abnormal FC patterns during intrinsic and extrinsic activity in individuals with schizophrenia.

In spite of the algorithmic and modeling differences between PLS-C and PLS-R, the two methods were consistent in revealing that the following patterns of altered FC during REST and ADR are linked in schizophrenia: (i) during REST, regions in the DMN and the primary visual network have reduced FC with the left MTG/STS; and (ii) during ADR, regions in the auditory network and the anterior saliency network have reduced FC with the left MTG/STS. Here, the left MTG/STS was chosen as the common seed region for the two conditions based on a meta-analysis of abnormal activity related to AVH ([@bb0110]). In addition, a previous fMRI study has shown that abnormal activity near the left MTG/STS is correlated with the severity of delusions in patients with schizophrenia ([@bb0055]). Therefore, we suggest that the left MTG/STS has functional properties that satisfy the necessary conditions for it to be considered a critical node for abnormal FC networks that underlie psychotic symptoms.

In the REST component maps, constellations of regions showing reduced FC with the left MTG/STS in patients with SCZ were highly consistent with those of the DMN and comprised the RSC, LIPC, anterior superior temporal sulcus, and posterior CC ([@bb0215]). Although there were some differences in the exact anatomical locations within the DMN between PLS-C and PLS-R (e.g., ventral vs. dorsal DMN), reduced FC in the DMN was clearly shown using both analyses. Furthermore, significant correlations with PANSS(P) in both PLS-C and PLS-R indicate that this abnormal pattern of FC is associated with positive symptoms. A significant correlation with AHRS, which is used to assess the severity of the AVH, was also clearly shown using PLS-C. These results may be consistent with the recent proposal that abnormal interactions between the auditory cortex and the DMN may underlie AVH in schizophrenia ([@bb0185]), assuming that the "auditory cortex" includes higher-order auditory association regions. Because the DMN consists of a set of regions involved in various forms of self-referential processing ([@bb0120]), functional abnormalities in the DMN have been thought to be linked to self-disturbance in schizophrenia ([@bb0020]). Our findings of reduced FC with the left MTG/STS may therefore represent neural abnormalities linking self-disturbance to the abnormal auditory experience of AVH in schizophrenia. In the ADR component map, on the other hand, PLS-C revealed reduced FC in the dorsal anterior CC and other regions in the anterior saliency and auditory networks in individuals with schizophrenia. The results of PLS-R were similar to those of PLS-C when more liberal thresholds were used. Such findings are in line with those of a previous fMRI study using the ADR paradigm to show reduced FC between the anterior CC and the bilateral auditory cortex in schizophrenia ([@bb0040]). Although associations with clinical scores were less clear when compared to those of the REST component, the correlation with PANSS (P) scores was significant, at least when using PLS-C.

It is notable that PLS analyses identified major FC alterations in the saliency network and DMN, both of which have been proposed to critically contribute to psychotic symptoms, particularly AVH ([@bb0125]). It has previously been suggested that atypical interactions among the DMN, saliency network, and central executive networks, together with altered FCs to the auditory language system, may underlie these schizophrenia symptoms ([@bb0010]). Using the left MTG/STS-seeded FC maps as input data for the PLS analyses, the present study was designed to examine abnormal FC between the auditory language system and other FC networks. Although the involvement of the central executive network was less clear, our PLS results were largely consistent with a report of aberrant FC among the DMN, saliency network, and auditory language network ([@bb0010]). Furthermore, the PLS analyses revealed that aberrant interactions involving these FC networks change in a task-dependent manner. Although FCs between the auditory language area and the saliency network should normally be more engaged during ADR than during REST ([@bb0040], [@bb0095]), the FC was decreased during ADR and was increased during REST in individuals with schizophrenia when compared to healthy controls, as determined using PLS. This indicates that task-dependent modulation of FCs between the auditory language and saliency networks is altered in schizophrenia. On the other hand, it is expected that the auditory language area (task-positive) and DMN (task-negative) should normally be decoupled during the engagement of a task (i.e., ADR). However, when compared to healthy controls, our PLS analyses revealed increased FC between the auditory language area and DMN during ADR and decreased FC during REST in patients with schizophrenia. This observation is consistent with a recent report that unstable DMN activity is related to the occurrence of psychotic symptoms in patients with schizophrenia ([@bb0085]). Because the saliency network, particularly the anterior insula, plays a critical role in switching FC networks between DMN and a task-positive network ([@bb0140], [@bb0220]), aberrant functions of the saliency network might underlie abnormal FC modulation between the DMN and the auditory language system in schizophrenia. The exact roles of abnormalities in each of these FC networks should be clarified in future studies. Nevertheless, our PLS results indicate that abnormal interactions among the DMN and the auditory language and saliency networks are critically involved in schizophrenia and its core clinical symptoms, as suggested in previous reports ([@bb0010], [@bb0125]).

A few caveats of the methodology used here should be discussed. First, input FC maps for the PLS analyses were generated using a single seed (the left MTG/STS). Therefore, the identified patterns of abnormal FC in this study are likely to be only parts of the entire neural mechanism underlying schizophrenia, although the PLS is explorative analysis. In a meta-analysis of abnormal activity associated with AVH in schizophrenia ([@bb0110]), significant foci other than the left MTG included the left premotor cortex and anterior cingulate cortex. Therefore, future studies should address whether and how FC networks involving these regions are related to schizophrenia and its core symptoms. Nevertheless, the voxel cluster in the left MTG was the largest of the significant clusters in the meta-analysis ([@bb0110]). We also note that the view of the left MTG/STS as a primary node of functional abnormality in schizophrenia is supported by abundant evidence for structural and functional alterations ([@bb0065], [@bb0160]) and their involvement in the core clinical symptoms of AVH ([@bb0080], [@bb0110]) and delusion ([@bb0150], [@bb0145]). Second, in the PLS-C, a single component (component \#3) was shown to be significant in permutation tests without corrections for multiple tests. The PLS-C results without corrections were corroborated by those of the PLS-R. In the PLS-R, the number of optimal components was determined to be 4 based on the cross-validation method ([@bb0105]). Among the 4 components, only a single composite component showed a highly significant group difference (*p* = 0.0022 for the REST component and *p* = 0.0023 for the ADR component). Results of the examination of spatial distributions of clusters of that component were highly similar to those obtained using the PLS-C, such that it contained reduced FCs in the default-mode network during REST and reduced FCs in auditory and attention-related networks during ADR. The consistent findings between the two analyses thus lend credence to the conclusion that abnormal FCs involving the default-mode network during REST and reduced FCs in auditory and attention-related networks during ADR are linked in the pathological processes underlying schizophrenia.

In summary, we used PLS analyses to reveal the linked occurrence of reduced FC of the left MTG/STS with DMN regions during the resting state and reduced FC with auditory and anterior saliency network regions during the auditory deviance response in patients with schizophrenia. Our integrative approach using multivariate analyses in combination with multiple datasets collected from the same individuals is a promising approach for revealing latent abnormal patterns of FC that may be unidentifiable in analyses of a single fMRI dataset.
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[^1]: Mean ± standard deviation \[Range\].

[^2]: HC: Healthy controls, SCZ: schizophrenia patients, PANSS: Positive and Negative Syndrome Scale, P: positive scale, N: negative scale, G: global psychopathology scale, T: total, AHRS: Auditory Hallucination Rating Scale.

[^3]: Voxel-based threshold; \|* z* \| \> 2.0. Extent threshold; *k* = 10 voxels. Coordinates are in the MNI space.

[^4]: HC: Healthy controls, SZ: Schizophrenia patients.
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